We document space-dependent clustering properties of earthquakes with m ≥ 4 in the 1975-2015 worldwide seismic catalogue of the Northern California Earthquake Data Center. Earthquake clusters are identified using a nearest-neighbour distance in time-space-magnitude domain. Multiple cluster characteristics are compared with the heat flow level and type of deformation defined by parameters of the strain rate tensor. The analysis suggests that the dominant type of seismicity clusters in a region depends strongly on the heat flow, while the deformation style and intensity play a secondary role. The results show that there are two dominant types of global clustering: burst-like clusters that represent brittle fracture in relatively cold lithosphere (e.g. shallow events in subduction zones) and swarm-like clusters that represent brittle-ductile deformation in relatively hot lithosphere (e.g. mid-oceanic ridges). The global results are consistent with theoretical expectations and previous analyses of earthquake clustering in southern California based on higher quality catalogues. The observed region-specific deviations from average universal description of seismicity provide important constraints on the physics governing earthquakes and can be used to improve local seismic hazard assessments.
I N T RO D U C T I O N
Seismicity is often discussed as a prime natural example of universal self-similar behaviour (Bak & Tang 1989; Sornette & Sornette 1989; Keilis-Borok 1990; Rundle et al. 2003; Corral 2004; Turcotte & Malamud 2004) . The term 'universality' implies validity of the same statistical laws in diverse geographic, geological, tectonic and physical settings; while 'self-similarity' refers to the abundance of earthquake characteristics described by power laws. A related term to 'self-similarity' is 'scale-invariance'. We recall that the only function that is invariant with respect to changes of measurement units and/or scale of analysis is a power law. Table 2 in Ben-Zion (2008) lists various examples of power-law distributions of earthquake and fault quantities. The most established of those are the power-law distribution of seismic moments (Kagan 1999) , which is an alternative form of the exponential distribution of earthquake magnitudes in the Gutenberg-Richter law (Gutenberg & Richter 1944) , and the power decay rate of events following a large earthquake referred to as the Omori-Utsu law (Omori 1894; Utsu et al. 1995) .
These laws were claimed to be universal on a global scale, at least at geologically long time intervals (e.g. Kagan 1999) . In this view the documented discrepancies in observed forms and parameters of earthquake statistics are attributed to statistical fluctuations and artefacts of catalogue uncertainties (e.g. Kagan 1999, p. 569 ). An alternative approach discussed by Ben-Zion (2008, Sections 2 and 3) considers the universal statistical descriptions to result in part from averaging data of large spatial domains having different event populations. If correct, clarifying the existence of different event populations in relation to physical properties of fault zones and the crust can increase the ability to extract detailed (region-specific) information from observed data and improve the understanding of earthquake physics.
With these goals in mind, Bailey et al. (2009 Bailey et al. ( , 2010 analysed patterns of earthquake focal mechanisms in southern California and found persisting differences in relation to geometrical properties of the major fault zones. Zaliapin & Ben-Zion (2011) analysed alongstrike symmetry properties of aftershocks in catalogues of 25 fault zones in California, and established relations between deviations from generic symmetric distribution and contrasts of seismic velocities across the faults. See also Rubin & Gillard (2000) and Rubin (2002) . The results are consistent with theoretical expectations on differences between ruptures on faults that do or do not separate different elastic solids (e.g. Weertman 1980; Ben-Zion 2001; Ampuero & Ben-Zion 2008) . Yang & Ben-Zion (2009) and Enescu et al. (2009) showed that parameters of the Omori-Utsu aftershock decay law in southern California are correlated with the heat flow. Zaliapin & Ben-Zion (2013a,b) took this further by showing that there are distinctly different types of seismicity clusters in southern Global analysis of earthquake clusters 609 California with preferred locations correlated with the heat flow. These results are consistent with theoretical expectations on properties of earthquake sequences in regions with different effective viscosity (Ben-Zion & Lyakhovsky 2006) . In the present paper we generalize the results of Zaliapin & Ben-Zion (2013a,b) to the global scale.
Our analysis focuses on earthquake clustering-partitioning of seismicity into groups closer in space and time than expected in a purely random distribution. Such groups reflect diverse triggering processes and prominently include traditional aftershock series, but also swarms and other types of clustering (Zaliapin & BenZion 2013a; Zhang & Shearer 2016) . Facilitated by high-quality catalogue and problemspecific statistical techniques, we demonstrated in an earlier study that the cluster style of seismicity in southern California is closely related to physical properties of the crust and is changing at the scale of tens of kilometres (Zaliapin & Ben-Zion 2013b) . In particular, it was shown that there are two dominant types of clusters: (i) 'Burst-like clusters' with a prominently large main shock, small number of foreshocks and dominance of first-generation offspring. Such clusters reflect highly brittle rapid failure process in areas with cold crystalline rocks, decreased fluid content, and low heat flow production (increased effective viscosity). Burst-like cluster areas in southern California include the San Jacinto fault zone, Mojave, Ventura and San Gabriel regions. (ii) 'Swarm-like clusters' that lack a prominent main shock, have increased foreshock activity, and abundance of secondary, tertiary, etc. offspring. Such clusters reflect mixed brittle-ductile failure in areas with increased fluids and heat flow and/or soft sediments (decreased effective viscosity). Swarm-like cluster areas in southern California include the Salton Sea and Coso geothermal regions. The quality of data in southern California allowed us to validate the region-specific character of earthquake clustering by statistical differences in thirteen complementary cluster characteristics, including aftershock/foreshock intensity, magnitude difference between main shock and the largest aftershock/foreshocks, b-value, cluster area, duration, etc., all of which related to the effective viscosity of a region and hence to the cluster type (Zaliapin & Ben-Zion 2013b, Table 1 and Appendix C).
The above results from southern California demonstrate the existence of region-specific features that provide important information on earthquake dynamics and can contribute to improving seismic hazard assessments. However, extending the results to the global scale faces the problem of data quality. This is because higher magnitudes of completeness/reporting and earthquake location uncertainties impact cluster identification and lead to multiple artefacts (Zaliapin & Ben-Zion 2015) . In particular, low catalogue quality blurs the underlying fine structure of earthquake clusters, artificially making them more swarm-like, and moves some cluster events to the background mode. Accordingly, working with low-quality catalogues requires developing statistics tools that are robust to the catalogue uncertainties.
In the following sections we develop such a toolbox, and use it to reveal strong spatial dependence of global earthquake clustering that is mainly controlled by the local heat flow production. We confirm the existence of the two primary types of earthquake clusters-burst-like and swarm-like-and show that burst-like clusters are associated with cold regions (mainly shallow seismicity of subduction zones), while swarm-like clustering is typical for hot regions (mainly mid-oceanic ridges). The type of plate-boundary deformation is also examined and shown to play a secondary role in determining the cluster style of seismicity. The global results presented in this study are consistent with our previous regional findings in southern California based on higher-quality data. The analysis of possible sources of artefacts for each examined statistics provide results designed to be robust to the known catalogue uncertainties and deficiencies.
DATA A N D M E T H O D S

Earthquakes
We work with the global catalogue produced by the Northern California Earthquake Data Center (NCEDC 2015) . The examined catalogue covers the period 1/1/1975 to 6/9/2015 and contains 256 993 events. The minimal magnitude used in the analysis is m min = 4. This magnitude is higher than the completeness magnitude in many examined regions, in particular during the earlier times. We demonstrated (Zaliapin & Ben-Zion 2013a , Appendices D and E) that the cluster structure estimated by our technique (Section 3) is insensitive to the catalogue incompleteness as well as to the minimal reported magnitude. Accordingly, some cluster statistics, like the total number of clusters and partition of events into main shocks, foreshocks, and aftershocks (see Section 3.6 for definitions) are fairly robust with respect to the magnitude incompleteness. The incompleteness however does affect the cluster size distribution, as discussed in Section 4.2.
We only consider events with depth less than z c = 70 km. The depth reporting in NCEDC catalogue is highly irresolute: 69 932 events (27.2 per cent) are assigned a depth of 33 km and 61 939 events (24.1 per cent) are assigned a depth of 10 km. Other popular (default) depth values are 35 km (14 421 events, 5.6 per cent), 30 km (4899 events, 1.9 per cent), and 5 km (2651 events, 1.0 per cent). In addition, there is a tendency, especially during earlier times, to assign depths divisible by 5 km (5, 10, 15, etc.) . Our analysis is 610 I. Zaliapin and Y. Ben-Zion based on earthquake epicentres and is not affected by the depth uncertainties. Fig. 1(a) shows the spatial intensity (x) of events in the NCEDC catalogue, in events with magnitude m ≥ 4 per year per 10 000 km 2 . Appendix B describes the process of producing smooth spatial maps of different seismic and physical characteristics used in this study. The intensity varies over several orders of magnitude, from 0.02 to 12.5, with the highest values associated with contracting subduction zones and lowest values associated with mid-oceanic spreading ridges. The global spatial distribution of the maximal observed earthquake magnitude m max of the examined seismicity is illustrated in Fig. 1(b) . Naturally, the fluctuations of the maximal observed magnitude are closely related to the seismic intensity fluctuations. The distribution of hypocentral depth of the examined earthquakes is shown in Fig. A3(a) . Its spatial variations resemble those for the earthquake intensity and maximal magnitude. The analysis suggests that catalogue quality is deteriorated for oceanic seismicity, relatively far from seismic networks, which mainly occur in the southern hemisphere. Fig. 1 illustrates and summarizes the diversity of seismic regimes and parameters as well as variations in catalogue quality involved in a global study. The statistics used in our analysis are designed to be robust with respect to these obstacles and yet still reflect the essential characteristics of the regional cluster style.
Heat flow
The employed surface heat flow data is taken from Bird et al. (2008) . The heat flow within the seismically active areas is mapped in Fig. 2 . The distribution of the heat flow over the entire Earth surface is shown in Fig. A1 . The heat flow production is prominently high along the oceanic spreading ridges, reaching 0.3 W m −2 .
Strain rate tensor
We use the global strain rate field modelled by Kreemer et al. (2014) . Specifically, we consider the second invariant I 2 of the strain rate tensorε:
and the tensor style S defined by Kreemer et al. (2014) as:
Here e i are the eigenvalues of the strain rate tensor. The strain rate tensor style S can be used to roughly quantify the type of displacement into contraction (S < −0.5), strike-slip (0.5 < S < −0.5), and extension (S > 0.5). The maps of strain rate tensor second invariant and style are shown in Fig. A2 .
-Analysis
Any cluster analysis of earthquakes is affected by the existence of the catalogue lower cut-off magnitude m min (which may be smaller than the completeness magnitude m c ). For instance, if we analyse earthquakes with m ≥ m min = 4, then an earthquake of m = 4 cannot have recorded aftershocks of a smaller magnitude, while an m = 6 event may have aftershocks with magnitudes 4 ≤ m ≤ 6. To equalize the magnitude ranges for potential fore/aftershocks of main shocks with different magnitudes, we sometimes perform -analysis that (i) only considers main shocks with magnitude m ≥ m min + and (ii) only considers fore/aftershocks with magnitude within units below that of a main shock. The fore/aftershocks detected by this analysis are called -fore/aftershocks. The conventional analysis that considers all events is referred to as regular analysis.
E A RT H Q UA K E C L U S T E R S
Generalized earthquake distance
Consider a catalogue where each event i is characterized by its occurrence time t i , hypocentre (φ ι , λ i, d i ), and magnitude m i . We define the proximity η ij of earthquake j to earthquake i following Baiesi & Paczuski (2004) as:
Here, t ij = t j − t i is the event intercurrence time, which is positive if event j occurred after event i; r ij ≥ 0 is the spatial distance between the earthquake hypocentres; d is the (possibly fractal) dimension of the hypocentres or epicentres, and b is the parameter of the Gutenberg-Richter law (1). The motivation for and properties of this proximity measure are discussed in Zaliapin & Ben-Zion (2013a . In particular, the proximity to the nearest neighbour is inversely related to the seismic intensity. It is intuitive that the distance between events is smaller in a high-intensity process where a larger number of events occupy the same space-time volume; see Zaliapin et al. (2008) for formal derivations and Zaliapin & BenZion (2013a) for simulation results.
Parent-offspring identification
For each event i we identify its unique nearest neighbour (parent) j with respect to the distance given by eq. (4), and denote for simplicity the nearest-neighbour distance by the same symbol η ij . The event i is called an offspring of j. According to this definition, each event (except the first one in the catalogue) has a unique parent, and also might have multiple offspring.
Bimodal distribution of the nearest-neighbour distance
Consider the space and time distances between event i and its parent j normalized by the magnitude of the parent event (Zaliapin 
This is convenient because now log η i j = log T i j + log R i j . Zaliapin et al. (2008) and Zaliapin & Ben-Zion (2013a) demonstrated that a time-stationary space-inhomogeneous Poisson flow of events with Gutenberg-Richter magnitudes corresponds to a unimodal distribution of (log T, log R) that is concentrated along a line log 10 T + log 10 R = const. Observed seismicity, however, shows a bimodal joint distribution of (log 10 T, log 10 R), as has been documented in multiple studies of various regions (e.g. Zaliapin et al. 2008; Zaliapin & Ben-Zion 2011 , 2013a ,b, 2015 Gu et al. 2013; Davidsen et al. 2015; Reverso et al. 2015; Schoenball et al. 2015) . One of the modes is similar to that observed in a Poisson process and corresponds to background events, while the other consists of clustered events located considerably closer in time and space to their parents than expected in a Poisson process (see Fig. 4 ).
Separating the background and cluster modes: a Gaussian mixture model approach
Analysis of statistical properties of the background and cluster modes is one of the main tools of this study (see Section 4.2). The bimodality of the earthquake distance distribution (Figs 4b and d) allows one to use a suitably chosen nearest-neighbour threshold η 0 to formally attribute each event to either the background (if η ij > η 0 ) or cluster (if η ij < η 0 ) mode. The threshold selection is done here according to a Gaussian mixture model with two modes.
A two-mode Gaussian mixture model assumes that sample x i R m , i = 1, . . . , n comes from the distribution
where w is the mixture weight of the first mode and N(x;μ, ) denotes the Gaussian (Normal) distribution, with mean μ that is a vector with m components and variance that is a positive-definite m × m matrix. The estimation of such model can be done using the Expectation-Maximization algorithm (Dempster et al. 1977) .
In our setting, we can either apply a 1-D Gaussian mixture model to the log-distance log 10 η or a 2-D Gaussian mixture model to the logarithmic components (log 10 T, log 10 R). Both approaches give very close results. The details of numerical implementation are discussed in Hicks (2011) . A model assigns to each event the probabilities w and (1−w) of being attributed to one or the other mode. We make the final mode assignment according to the maximal probability v = max (w, 1−w). This corresponds to choosing the mode separation threshold η 0 that equalizes the densities of the two estimated Gaussian modes:
The background (cluster) events now can be equivalently defined by the condition η ij > η 0 (η ij ≤ η 0 ). In 1-D case, the position η bg of the background is defined as the mean value of the estimated rightmost Gaussian mode:
), where the notation [i] refers to the ith component of a vector. Alternatively, one can define η bg as (a) the mean generalized earthquake distance η ij of the background events, or (b) the mean generalized distance of events that happened at large spatial distance from their parent (say, R > 5, 50). The last approach is motivated by the observation that the majority of events at large spatial distances from their parent belong to the background mode (see Fig. 4 ). These alternate approaches give results (not shown) that are very close to those obtained with our main method.
The regional mode separation quality Q is defined as the average value of the mode assignment probability v = max (w, 1 − w) over all events in a region. According to this definition, the quality is constrained by 0.5 ≤ Q ≤ 1, where Q = 1 corresponds to a perfect separation (each event is attributed to one of the modes with probability 1) and Q = 0.5 corresponds to an indeterminate separation (each event is attributed to either mode with the same probability of 0.5).
Cluster identification
Connecting each earthquake in the catalogue to its nearest neighbour (parent) according to the nearest-neighbour distance η of eq. (4) produces a single cluster (spanning network) that contains all examined events. From a graph-theoretical perspective, this cluster is a tree graph, which means that it does not have loops (Zaliapin & Ben-Zion 2013a; Baiesi & Paczuski 2004) . Removing all links at University of Nevada at Reno on September 6, 2016 http://gji.oxfordjournals.org/
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Global analysis of earthquake clusters 613 that correspond to large parent-offspring distances, defined by the condition η ≥ η 0 , creates a spanning forest-a collection of trees each representing a separate earthquake cluster. The forest contains many single-event trees, which we call singles. The other clusters contain multiple events and are called families.
Event classification
In each family, the earthquake with the largest magnitude is called main shock. If there are several earthquakes with same largest magnitude within a family, the first one is considered to be the main shock, so each family has a single main shock. All events in a family that occurred after the main shock are called aftershocks. All events that occurred prior to the main shock are called foreshocks. Each single is also considered to be a main shock (that has no foreshocks and aftershocks).
Parameters
In this study we use event epicentres rather than hypocentres because the depth coordinates are often less accurate than those of the epicentres, and location errors lead to various analysis artefacts as discussed in detail by Zaliapin & Ben-Zion (2015) . In addition, we fix b = 1, d = 1.3 and p = 0.5 in eqs (4) and (5). Zaliapin & BenZion (2013a) showed that the estimated cluster structure is fairly robust with respect to the values of these parameters. Accordingly, the main conclusions of this study are not sensitive to the precise parameter values.
We refer to Zaliapin & Ben-Zion (2013a) for further details on and examples of performance of our cluster technique, as well as detailed analysis on its stability. The statistical artefacts of catalogue uncertainties that affect cluster analysis based on parent-offspring identification are examined in Zaliapin & Ben-Zion (2015) .
R E S U LT S
Basic characteristics of seismicity
For the purpose of this study, a point on the Earth surface is denoted seismically active if there are 5 or more events with magnitude m ≥ 5 within 100 km of this point according to the NCEDC catalogue during 1975-2015. The total Earth surface area is 510.1 × 10 6 km 2 ; about 9 per cent of this area, or 44.9 × 10 6 km 2 , is seismically active. Fig. 1 shows basic characteristics of seismicity in the active areas: (panel a) Intensity, in event/(year × 10 000 km 2 ), of earthquakes with magnitude m ≥ 4, (panel b) maximal observed magnitude and (panel c) proportion of events with magnitude m ≤ 5 which serves as a proxy for catalogue completeness (see discussion in Section 2.1).
Next we relate the three characteristics illustrated in Fig. 1 to the type of lithospheric deformation. Fig. 3(a) displays the partitioning of seismically active area with respect to values of the strain rate tensor style S and second invariant I 2 . The analysis is done within 0.5
• × 0.5
• cells that tile the Earth surface. About half of the active area corresponds to lowest values of the second invariant (I 2 < 100) attributed to subduction zones and other contraction environments. The largest 10 per cent of the values of the second invariant (I 2 > 1000) are associated with mid-ocean ridges and other extension environments. The partition of seismic area into different tensor styles is fairly independent of the values of I 2 -approximately 60 per cent in contraction, 20 per cent in strike-slip and 20 per cent in extension. Fig. 3(b) shows the average value of seismic intensity for events with m ≥ 4 in the same coordinates (S, I 2 ). The highest average intensity of ≈ 3 events per year per 10 000 km 2 is exclusively observed within contracting environments: S < −0.75, I 2 > 100. The lowest average intensity, 0.2 < < 1, is observed within extending environments. The intensity in strike-slip zones is intermediate around and slightly below = 1. The highest seismic activity typically occurred in subduction zones, which explain a close resemblance in the patterns of seismic intensity (Fig. 3b) and that of the average hypocentral depth (Fig. A4a) . The average heat flow has the highest values (H > 0.25) exclusively within extension environments-along the mid-oceanic spreading ridges (Fig. 3c) . The results in Figs 3(b) and (c) emphasize that the spatial distribution of seismic intensity is inversely related to that of the heat flow. We also perform Spearman's rank correlation analysis (see Appendix C for definition and discussion) and generalized linear model (GLM) analysis (see Appendix D) for earthquake intensity versus heat flow H and strain rate tensor parameters S and I 2 . The results, summarized in Tables 5, 6 and Figs D1(a), (b) and (c), corroborate the observations of Fig. 3 . We show below that the heat flow production also governs the space-dependent style of earthquake clustering. Fig. 4 presents the distribution of the generalized earthquake distance η of eq. (4) and the joint distribution of its normalized space and time components (R, T) of eq. (5) for the earthquakes from areas with low (H < 0.1) and high (H > 0.25) heat flow value. Panels (a, c) show the joint two-dimensional density of (R, T) estimated for all earthquakes in areas with the indicated heat flow level. Colours represent the relative number of points with given values of (R, T), as indicated in the colourbar on the right. The integral over the entire distribution is 1. Panels (b, d) show the estimated density for the nearest-neighbour distance η on a logarithmic scale-the histogram values for log 10 η divided by the total number of examined eventsso that the integral over the distribution is 1. The background and cluster modes are seen clearly in both cases. However, there exist several notable differences in the cluster style of earthquakes in high versus low heat flow regions: (i) The typical position η bg of the background mode in low heat flow regions (log 10 η bg ≈ −4.7) is lower than that in high heat flow regions (log 10 η bg ≈ −4.0). This reflects higher earthquake intensity in low heat flow regions that have predominantly contracting and transform deformation style, and corroborates our earlier observations in Figs 3(b) and (c).
(ii) The proportion of background events in low heat flow regions is lower than that in high heat flow regions. Accordingly, the proportion of clustered events is higher in low heat flow regions. (iii) The time decay of cluster events is faster in high heat flow regions, leading to stronger time separation between the background and cluster modes. This can be seen by comparing how the cluster mode is blending with the background mode in panels (a) and (c) of Fig. 4 . The offspring duration is longer in low heat flow regions, which is reflected by a horizontally elongated shape of the cluster mode in Fig. 4(a) , as opposed to a more confined location of the cluster mode in high heat flow regions in Fig. 4 
(c). (iv)
Proportion of repeaters-events that happen at short spatial and large temporal distances from the parent and hence occupy the lower right corner of the (T, R) plots in Figs 4(a) and (c)-is larger in high heat flow regions. This observation is further illustrated in Fig. 5 that shows the distribution of rescaled time to parent T for offspring within two parent rupture lengths to the parent. In cold regions (panel a) the cluster and background modes are largely overlapping at these short distances to parent. The background mode is centred at about log 10 T = −3 and has lower intensity and spread 614 I. Zaliapin and Y. Ben-Zion compared to that of the clustered mode. The latter is centred at log 10 T = −6 and has much larger spread, interpreted as slow decay of intensity of offspring earthquakes. In hot regions (panel b), on the contrary, the two modes are well separated. The background mode is centred at about log 10 T = −2 (lower intensity of background events compared to those in cold regions), and has notably higher intensity than the cluster mode. The cluster mode is centred at about log 10 T = −6.5 and has smaller spread than that of the cluster mode 4, 5, 6, 7, 8. in cold regions, suggesting faster decay of intensity of offspring earthquakes.
Cluster and background modes
The results of Figs 3-5 demonstrate that earthquake clustering style is space-dependent and related to the heat flow production. We now complement these analyses by additional statistics involving the earthquake nearest-neighbour distances. Specifically, we apply a 1-D Gaussian mixture model (Section 3.3) to the nearest-neighbour distances log 10 η of events within circles of radius r = 200 km centred at the epicentres of all examined earthquakes. The model is used to estimate the space-dependent threshold η 0 that separates the cluster and background modes, partition the events into cluster and background populations, estimate the characteristic position η bg of the background mode, and assess the quality Q of mode separation. Fig. 6 shows the spatial maps of the position η bg of the background mode (panel a) and the proportion of events in the background mode (panel b). The map of the quality Q of the mode separation is shown in Fig. A3(c) .
The location of the background mode is primarily controlled by the absolute intensity of the background events (Zaliapin et al. 2008; Zaliapin & Ben-Zion 2013a) . This explains the inverse relation between the background location (Fig. 6a ) and earthquake intensity (Fig. 1a) . Furthermore, the values of η bg follow a three-modal distribution, clearly outlining the major tectonic environments in agreement with Fig. 3(b) . The highest earthquake intensity and lowest values of η bg < −4.5 are observed within convergent environments. The lowest earthquake intensity and largest values of η bg > −3.75 are observed along divergent boundaries. Intermediate values of earthquake intensity and background position −4.5 < η bg < −3.55 are observed along transform boundaries. Fig. A3(b) shows the worldwide spatial distribution of a related feature-the threshold η 0 that separates the background and cluster mode, according to a Gaussian mixture model.
The other examined cluster characteristics exhibit similar spatial variations. In particular, divergent environments have uniformly increased background proportions p bg > 0.7 (Fig. 6b) mode separation quality Q ≈ 0.95 (Fig. A3c) . Convergent environments exhibit much larger spatial variability and intermittence in the values of background proportions p bg and separation quality Q. For instance, Fig. 6(b) shows that in the Northwestern part of the Pacific plate, along the Kuril-Kamchatka and Japan trenches, the background proportion varies widely in the range 0.2-0.7 over a scale of hundreds of kilometers that coincides with the spatial resolution of our analysis. Another example of highly intermittent spatial behaviour is the Persia-Tibet-Burma orogeny in the Eurasian plate. Overall, however, the average proportion of the background events in transform and convergent environments is lower than in divergent environments, as illustrated in Fig. 7(b) . Similarly, the mode separation quality Q shows high intermittency within transform and convergent boundaries. It changes in the range between 0.9 and 0.95 with rather sharp spatial gradients (Fig. A3c) , and has overall lower values compared to divergent zones (Fig.  7c) . The observed clear spatial variations in the cluster parameters are not spurious but governed by local tectonic and physical settings. This was shown in a local study for southern California (Zaliapin & Ben-Zion 2013b) ; a detailed demonstration of such correlations in the global setting is outside the resolution of this study. Fig. 7 compares the three examined parameters of seismic clustering as functions of strain rate tensor's style S and second invariant I 2 . The comparison of earthquake cluster statistics with heat flow and strain rate tensor parameters using Spearman's correlation and GLM approach is illustrated in Tables 5, 6 and Figs  D1(d)-(o) . This further documents the coupling between the examined cluster characteristics and their correlation with the heat flow (cf. Fig. 3c ).
Properties of earthquake clusters
The 256 993 events of the examined catalogue have been partitioned into 135 840 clusters according to the procedure of Section 3. Of those clusters, 116 228 (85.6 per cent) are singles and 19 612 (14.4 per cent) are families with sizes ranging from 2 to 6584. Tables 1 and  2 summarize the individual event classification (into singles, main shocks, foreshocks, and aftershocks) in the regular and -analysis, respectively. Fig. 8(a) shows the distribution of cluster size N for clusters in areas with high (H > 0.2) and low (H < 0.2) heat flow levels. The distribution tail in both cases can be approximated by a power law
with power index α ≈ 2 in hot areas and α ≈ 1 in cold areas. The value of α ≈1 was previously reported for the cluster size distribution in southern California (Zaliapin & Ben-Zion 2013a) . The observed difference in the cluster size distributions implies that (i) cold areas have much larger clusters-indeed, the maximal cluster size in cold areas is max (N | H < 0.2) = 6584 while the maximal cluster size in hot areas is 35 times smaller, max (N | H ≥ 0.2) = 186; and (ii) the proportion of clusters with size N > 10 is larger in cold areas. Recall that the cluster size statistically increases with the maximal observed magnitude, since larger events have more offspring (e.g. Utsu 1970) ; it also increases as the magnitude of completeness decreases. Accordingly, the dominance of large clusters in cold regions observed in Fig. 8(a) is explained by statistically higher maximal magnitude (Fig. 1b) and better quality of catalogues (Fig. 1c) in cold regions compared to hot ones. To eliminate effects related to differences in the largest regional magnitude, we compare the cluster size distributions in relatively hot and cold areas using -analysis with = 2 (Fig. 8b) . This approach equalizes the cluster sizes with main shocks of different magnitudes (Zaliapin & Ben-Zion 2013a) , and hence should eliminate the discrepancy caused by different levels of seismic activity in cold and hot regions. The results indicate that the cluster size is stochastically larger in cold area. Recall that a random variable X is said to be stochastically larger than Y if the survival function of X is larger than that of Y for all arguments. Finally, we compare the cluster size distribution for clusters with intermediate-magnitude main shocks. As shown in Fig. 8(c) , the size of clusters with main shock magnitude m < 5 is stochastically larger in hot regions. Similarly, the cluster size is stochastically larger in hot regions for clusters in all magnitude ranges below m = 6 (not shown). In addition, the number of foreshocks and aftershocks per cluster with main shock magnitude m < 6 is significantly higher in hot regions (not shown).
In summary, stochastically larger cluster size in cold regions is related to the presence of large-magnitude clusters with main shock magnitude m > 6. At the same time, the size of intermediatemagnitude clusters (with main shock magnitude m < 6) is stochastically larger in hot regions. These two observations are consistent with the finding of Zaliapin & Ben-Zion (2013b) in southern California, who also pointed out the difference in clustering styles of the largest regional events and the rest of earthquakes, and reported larger cluster size of intermediate-magnitude clusters in hot regions.
As a particular case of small-cluster size analysis, we notice that the proportion p S of smallest clusters-singles-among all detected clusters is higher in cold areas: p S (H < 0.2) = 0.86 vs p S (H ≥ 0.2) = 0.80. The observed difference in proportions is highly significant, with p-value being essentially zero (p < 10 −16 ) according to the Fisher test (Agresti 2007 ). This effect is noteworthy, since the higher maximal magnitude, better quality of catalogues, and lower completeness magnitude in cold regions should decrease the number of singles (e.g. Zaliapin & Ben-Zion 2015) . On the other hand, the probability of being a single is higher for small-magnitude events (e.g. it is more probable for m = 4 event to have no offspring than for m = 7). Accordingly, an increased detected proportion of small-magnitude events in cold regions (Fig. 1c) differences for events with magnitudes from 4.0 to 5.5. This analysis also demonstrates that events with m > 5.5 in cold regions become singles less often than those in hot regions (not shown). It is difficult to conclude with the existing data whether this effect is related to the inferior catalogue quality in hot regions or is a real physical property. ridges) over hundreds of kilometres. These fluctuations are caused by local tectonic and physical settings, such as transition from transform to extension faulting, but are not the focus of this study. The relation between the proportion of singles and heat flow is further illustrated in Fig. 10 (a) that shows p S as a function of strain tensor parameters (S, I 2 ). The large-scale averaging used in this analysis clearly demonstrates an increased proportion of singles within cold areas. The comparison of p S with heat flow and strain rate tensor parameters using Spearman's correlation and GLM approach is summarized in Tables 5, 6 and Figs D1(p)-(r).
Global analysis of earthquake clusters 619
Foreshocks and aftershocks
The global spatial distribution of the proportion p F of foreshocks among foreshocks and aftershocks is shown in Fig. 9(b) . The proportion is visibly higher in areas with high heat flow, with typical values p F > 0.2, while in areas with low heat flow the typical proportion is very small, p F < 0.1. The increased production of foreshocks in hot regions is confirmed by the analysis of A defined for families with aftershocks as the difference between the magnitudes of the main shock and the largest aftershock. This analysis is done for all families with main shock magnitude m ≥ 5. The gap is generally larger within cold regions, with typical value of A ≈ 0.8, while in hot regions it is typically smaller, A ≈ 0.55. This observation is corroborated in Fig. 10(c) that shows the aftershock magnitude gap as a function of strain rate tensor parameters (S, I 2 ); the domain of low gap values is similar of that of high heat flow shown in Fig. 3(c) . The comparison of p F and A with heat flow and strain rate tensor parameters using Spearman's correlation and GLM approach is summarized in Tables 5, 6 and Fig. D1(s)-(x) .
We note that the values of the aftershock magnitude gap reported here are lower than the value A ≈ 1 suggested by the Båth law (Båth 1965; Shcherbakov & Turcotte 2004 ). This deflation is artificial and is due to the fact that we consider families with main shock magnitude m ≥ 5, which is only one unit above the magnitude cut-off m min = 4 selected for this study. Notably, the difference in the magnitude gap A between hot and cold areas is only seen for intermediate-magnitude clusters with m < 6; the difference disappears for large-magnitude clusters with m > 6 (results not shown).
The magnitude gap is affected by the catalogue completeness magnitude, since a higher completeness magnitude leads to smaller observed values of A (while clusters with larger magnitude gap may artificially become singles). Hence, the reported difference in magnitude gap might be influenced to some extent by inferior catalogue quality in hot areas. However, Zaliapin & Ben-Zion (2013b) reported lower magnitude gap in hot regions in a local study in southern California, where the quality of catalogues is comparable in both cold and hot regions. We therefore believe that the magnitude gap difference between hot and cold areas is a real phenomenon that will be confirmed in future studies with better catalogue quality.
Structure of earthquake families
Consider a tree T that represents an earthquake family as described in Section 3. The tree consists of a collection of vertices V = {v i }, i = 1,. . . , N each of which represents an earthquake, and edges E = {e i }, i = 2, . . . , N such that edge e i connects earthquake i to its parent that also belongs to the tree T. Here we index the family earthquakes in the order of their occurrence time: i < j if and only if t i < t j . By construction (see Section 3), the parent of the first event in the family does not belong to the same family, and hence the first event does not have an associated edge within T. All other events have a single parent from the same family. Hence each tree consists of N vertices and N−1 edges. We refer to the first event in the family as the root. Denote by C(i) the number of children of vertex i within T, and by N p = #{i: C(i) > 0} the number of parental vertices within T. We consider two statistics of a time-oriented rooted tree that represent an earthquake family: the average family branching B and the average leaf depth d (Zaliapin & Ben-Zion 2013b) . The average family branching B is the average number of offspring per parental vertex of the tree T:
The average leaf depth d is the average number of edges between a leaf and the tree root. Namely, if d i denotes the number of edges between vertex i and the tree root, then
It is natural to expect the leaf depth and family branching to be negatively correlated. An intuitive justification for such reciprocal relation comes from the observation that for a tree with constant branching and leaf depth, that is with Zaliapin & Ben-Zion (2013b) showed that the values of B and d are strongly coupled with the heat flow in southern California. Specifically, the average leaf depth increases while the average branching decreases as the heat flow increases. The same general trend is observed on the global scale. Fig. 11 shows the values of d and B averaged for different family sizes N in hot and cold regions. It is seen that the average leaf depth d is significantly larger, and the family branching B is significantly smaller, in hot areas compared at University of Nevada at Reno on September 6, 2016 http://gji.oxfordjournals.org/
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Global analysis of earthquake clusters 621 to cold areas. We also notice that (i) the difference between hot and cold regions (difference between red and blue lines) is increasing with the family size and (ii) the values of both statistics increase with the family size.
Next we focus on the spatial distribution of the average leaf depth d and family branching B. The values of both statistics depend on the family size (Fig. 11) , which can contaminate spatial analysis as the family size N significantly varies from region to region, as 622 Tables 5, 6 and Figs D1(y)-(ad). The results confirm that heat flow exerts the primary control on the values of these two statistics.
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D I S C U S S I O N
Clarifying whether earthquake dynamics follows universal laws or exhibits different forms related to physical properties of the lithosphere is among the main problems of statistical seismology. This study supports earlier results mentioned in the introduction on the existence of non-universal region-specific behaviour of seismicity. This is done by extending the analysis of Zaliapin & Ben-Zion (2013a,b) of earthquake clusters in southern California to the global scale using data from the NCEDC worldwide catalogue for the period 1975-2015. One general difficulty in demonstrating robust differences in properties of earthquakes in different regions is varied quality of seismic catalogues in different areas. This problem may be overcome by applying techniques and parameters not sensitive to variable location errors and completeness magnitudes (Zaliapin & Ben-Zion 2015) . We return to this issue below.
We use the nearest-neighbour approach (Baiesi & Paczuski 2004; Zaliapin et al. 2008; Zaliapin & Ben-Zion 2013a) earthquakes reported in the NCEDC global catalogue into individual clusters. We then compare the worldwide space distribution of various cluster statistics with global heat flow production (Bird et al. 2008 ) and style of lithospheric deformation indicated by an estimated strain rate tensor (Kreemer et al. 2014 ). Our comparison is based on (i) spatial maps of selected characteristics in seismically active regions (Figs 1, 2, 6 and 9), (ii) averaged values of the examined characteristics as a function of the strain rate tensor style S and second invariant I 2 (Figs 3, 7 and 10), (iii) Spearman rank correlation analysis (Table 5 , Appendix C) and (iv) Generalized Linear Model analysis (Table 6 , Fig. D1 ).
We demonstrate that multiple statistics of earthquakes and seismicity clusters have spatially dependent distribution, tightly correlated with the global heat flow production: (1) earthquake intensity (Figs 1a, 3b and D1a); (2) average nearest-neighbour earthquake distance η bg within the background mode (Figs 4, 6a, 7a and D1d) , (3) The cluster structure and statistics estimated by our technique are subject to artefacts related to catalogue uncertainties (Zaliapin & Ben-Zion 2015) . We address potential effects of catalogue incompleteness, varying earthquake intensity, and maximal magnitude on each of the examined statistics and design the analysis to minimize the possible artefacts. Notably, some of our observations (e.g. increased size of small clusters in Fig. 8c and decreased proportion of singles in Figs 9a and 10a ) demonstrate a trend that goes against possible artefacts of catalogue uncertainties. Furthermore, the results of this study are consistent with those of a local analysis of southern California (Zaliapin & Ben-Zion 2013a,b) obtained with a high quality catalogue (median location error of 500 m) by Hauksson et al. (2012) Global analysis of earthquake clusters 625 The average values are given here to illustrate the trend of changes between cold and hot zones. All reported differences are highly significant according to ANOVA test (not shown). The average differences reported here are typically lower than those observed for individual hot/cold regions in the worldwide maps and maps in the strain rate tensor coordinates (S, I 2 ). 
I. Zaliapin and Y. Ben-Zion
prominent main shock. Instead, they gradually develop, event-byevent, by triggering earthquakes of comparable magnitudes. The offspring span generally multiple generations in such clusters, but decay overall much faster creating a notable temporal gap between offspring activity in a fading cluster and future background events. The stress/strength field in hot areas is more homogeneous, and the failure threshold is generally lower than in cold regions, which facilitate triggering potential and allows small-to-medium magnitude events to have offspring. This leads to increased size of clusters (for small-to-intermediate main shocks) and decreased proportion of singles.
Our findings on preferential occurrence of swarm-like clusters in hot regions, (prominently including the mid-ocean ridges transform areas) and their general statistical properties, are consistent with previous large-scale analyses of oceanic swarms (e.g. McGuire et al. 2005; Roland & McGuire 2009 ). Furthermore, our results on seismic intensity, cluster size distribution, background proportions, and temporal decay of offspring parallel the findings of Kagan et al. (2010) and Chu et al. (2011) on variations of Epidemic-Type Aftershock Sequence (ETAS) model parameters across different tectonic zones. Their tectonic zones 1 (active continents) and 4 (trenches) roughly correspond to the cold areas of our study; while zones 2 (slow-spreading ridges) and 3 (fast-spreading ridges) generally correspond to the hot areas.
We propose the effective viscosity of the lithosphere to be the main control of the style of earthquake clustering. This is consistent with interpretations that swarms reflect migration of fluids or creep (e.g. Hill 1977; Hainzl 2004; Hainzl & Ogata 2005; Chen et al. 2012) , as increasing heat flow and fluid content will reduce the effective viscosity and lead to brittleductile deformation that may include creep. However, the explanations based on fluid flow and slow slip events appeal to specific detailed micromechanisms involving in general many parameters (and expected to have additional consequences beyond swarm generation). In contrast, the simpler term effective viscosity involves a continuum-based macroscopic description of the behaviour in a region (Ben-Zion & Lyakhovsky 2006), not committing to any micro mechanism.
There is no sharp transition between the clusters of the two primary types, and global seismicity exhibits a wide variety of clustering forms. Nevertheless, the cold and hot environments are clearly distinguishable by the average values and distributions of multiple cluster characteristics. Our analysis also suggests that the type and intensity of lithospheric transformation, as measured by the strain rate tensor, play a secondary role in determining the earthquake cluster style (see, in particular, Tables 5, 6 and Fig. D1 ). Examining multiple complementary statistics not sensitive to artefacts produced by common catalogue deficiencies (Zaliapin & Ben-Zion 2015) allows us to have confidence that our main findings will remain valid in future analyses with improved catalogue quality and alternative cluster identification techniques (e.g. Roland & McGuire 2009; Zhang & Shearer 2016) . Additional analyses of seismicity accounting for non-universal space-dependent properties, combined with geodetic data on aseismic deformation and modelling, can improve further the understanding of earthquake dynamics and provide refined information for seismic hazard assessments.
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A P P E N D I X B : P RO D U C I N G S PAT I A L M A P S
In this study we produce spatial maps for selected characteristics of the lithosphere, earthquakes, and earthquake clusters. These characteristics can be partitioned into the following four types:
(i) Individual earthquake characteristics-magnitude m, hypocentral depth z, Baiesi-Paczuski distance η ij to the parent, foreshock index I F (i) that equals to unity if earthquake i is a foreshock and zero otherwise, and background index I B (i) that equals to unity if earthquake i belongs to background population, and zero otherwise.
(ii) Regional characteristics-earthquake intensity , maximal observed magnitude m max , the position η bg of the background population, and quality Q of separation between background and cluster mode.
(iii) Individual cluster characteristics-index I S (k) of being a single that equals to unity if cluster k consists of a single event, and zero otherwise, size-corrected average leaf depth d N (only defined for families), size-corrected average family branching B N (only defined for families), and the aftershock magnitude gap A equal to the difference between the magnitudes of the family main shock and the largest aftershock (only defined for families with aftershocks).
A spatial map of a selected characteristic is produced via the following steps:
(1a) The value of an individual earthquake characteristic is assigned to the event epicentre.
(1b) The value of an individual cluster characteristic is assigned to the epicentre of the family main shock (single is considered to be a main shock).
(1c) The value of a regional characteristic is estimated at the epicentre of each catalogue event with magnitude m ≥ 5 within a circle with radius r = 200 km centred at this event.
(2) To obtain an averaged (or maximal) value of the selected characteristic at point x, the raw estimation from (1) is averaged (or maximized) within circles of radius r = min (r 100 , 100 km), where r 100 is the radius of the circle centred at x that contains 100 events with magnitude m ≥ 5. The points where the circle of radius 100 km contains less than 5 events of magnitude m ≥ 5 are left transparent. The bandwidth of such adaptive averaging is inversely related to the seismic intensity, which leads to emphasizing detailed changes of the examined earthquake characteristics in high-intensity regions
